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Su l fu r  removal from c o a l  d u r i n g  t r ea tmen t  i n  gaseous a tmospheres  a t  e l e v a t e d  
tempera tures  is of i n t e r e s t  bo th  because  such  a t r ea tmen t  might s e r v e  as a b a s i s  
f o r  a coa l  d e s u l f u r i z a t i o n  p rocess  and because  knowledge of t he  f a t e  of  s u l f u r  
under such c o n d i t i o n s  has  a p p l i c a t i o n  t o  t h e  behavior  of  c o a l  d u r i n g  ca rbon iza t ion  
or g a s i f i c a t i o n .  I n  t h e  work r epor t ed  h e r e ,  d e s u l f u r i z a t i o n  of  b o t h  a raw and 
deashed Iowa c o a l  were i n v e s t i g a t e d  i n  t h r e e  d i f f e r e n t  g a s e s ,  n i t r o g e n ,  hydrogen 
and a 6% oxygen-94% n i t r o g e n  gas  mixture .  With each  g a s ,  bo th  t h e  tempera ture  
and hold ing  time a t  t empera ture  w e r e  v a r i e d .  With hydrogen and n i t r o g e n ,  t h e  
tempera ture  w a s  v a r i e d  between 300 and 700°C. The tempera ture  r ange  used wi th  
t h e  oxygen-nitrogen mixture  was on ly  from 350 t o  455OC due t o  t h e  l a r g e  weight 
l o s s  at  h ighe r  t empera tu res  caused by combustion of t he  sample.  Hold ing  t i m e  a t  
t empera ture  was v a r i e d  from 0 t o  60 min. 

EXPERIMENTAL 

The i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  i n  a Rigaku CN8001 H type  thermal  a n a l y z e r  
which inc luded  a thermal  g r a v i m e t r i c  a n a l y z e r ,  a preprogrammed h e a t i n g  u n i t  and 
tempera ture  c o n t r o l  sys tem,  and a d a t a  r e c o r d i n g  u n i t .  To c a r r y  o u t  a run, about  
300mg of c o a l  ( < 1 2 5 ~ )  w a s  p laced  on t h e  sample pan o f  t h e  thermal  ana lyze r  and 
hea ted  to  t h e  d e s i r e d  tempera ture  us ing  a h e a t i n g  r a t e  of 20°C/min wh i l e  main ta in-  
i n g  a flow of  gas  over  t h e  sample.  A f t e r  ho ld ing  t h e  sample a t  tempera ture  f o r  
t h e  d e s i r e d  per iod  of t i m e ,  t h e  gas  flow w a s  swi tched  t o  n i t r o g e n  and t h e  r e a c t i o n  
chamber was cooled wi th  the  i n i t i a l  c o o l i n g  r a t e  be ing  on t h e  o r d e r  of 250"C/min. 
The sample weight w a s  recorded  con t inuous ly ,  and a t  t h e  end of t h e  run t h e  t o t a l  
and o rgan ic  s u l f u r  c o n t e n t s  of t h e  t r e a t e d  coa l  were de te rmined .  

The c o a l  came from t h e  Jude mine, Mahaska County, Iowa, and i s  a high- 
v o l a t i l e - C  bituminous c o a l .  The r a w  c o a l  con ta ined  3.25% i n o r g a n i c  sulfur and 
3.04% organ ic  sulfur (moi s tu re - f r ee  b a s i s ) .  The deashed Jude  c o a l  w a s  p repared  
by twice  f l o a t i n g  t h e  r a w  c o a l  i n  a heavy l i q u i d  medium having  a s p e c i f i c  g r a v i t y  
of 1 . 3 .  It  conta ined  4.74% o r g a n i c  s u l f u r ,  bu t  on ly  0.69% i n o r g a n i c  s u l f u r .  Thus, 
t h e  r e s u l t s  of exper iments  u s i n g  t h e  deashed c o a l  mani fes ted  l a r g e l y  t h e  behavior  
of t h e  o rgan ic  s u l f u r  compounds i n  t h e  c o a l .  The a n a l y s e s  of t he . r aw and deashed 
c o a l  a r e  shown i n  Table  1. 

Table  1. Proximate a n a l y s e s  of c o a l  samples 

Proximate Ana lys i s  Raw Coal Deashed Coal 

Moisture 1 .22% 2.21% 
Ash 18.80% 5.54% 
V o l a t i l e  matter 39.68% 45.72% 
Fixed carbon 40.30% 46.53% 

*Current ly  a t  Al l i s -Chalmers ,  Milwaukee, Wisconsin.  
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RESULTS AND DISCUSSION 

E f f e c t  o f  Temperature and Hold ing  Time 

The e f f e c t  of t empera tu re  upon s u l f u r  removal i n  each of t h e  t h r e e  g a s e s  was 
i n v e s t i g a t e d  by h e a t i n g  t h e  c o a l  sample t o  t h e  d e s i r e d  t empera tu re  us ing  a h e a t i n g  
rate of 20°C/min. fo l lowed b y  immediate coo l ing .  I n  n i t r o g e n ,  t h e  amount of  s u l f u r  
i n  a l l  forms except  f o r  t h e  o r g a n i c  s u l f u r  i n  t h e  raw c o a l  tended . to  d e c r e a s e  wi th  
i n c r e a s i n g  tempera ture ,  w i t h  t h e  d e c r e a s e  be ing  g r e a t e r  f o r  t h e  deashed c o a l .  A t  
7OO0C, t h e  t o t a l  s u l f u r  c o n t e n t  of t h e  raw c o a l  and t h e  t o t a l  and o rgan ic  c o n t e n t s  
of t h e  deashed c o a l  were 5.60, 3.27 and 3.05 w t . % ,  r e s p e c t i v e l y .  On t he  o t h e r  
hand ,  t h e  o rgan ic  s u l f u r  c o n t e n t  of t h e  r a w  c o a l  i nc reased  from 3.04 t o  4.82 w t . %  
as t h e  tempera ture  w a s  i n c r e a s e d  from room tempera ture  t o  7OO0C. S ince  t h e  raw 
c o a l  conta ined  a s u b s t a n t i a l  amount of  i no rgan ic  s u l f u r ,  t h i s  r e s u l t  i n d i c a t e d  
t h a t  i no rgan ic  s u l f u r  w a s  b e i n g  t ransformed i n t o  o r g a n i c  s u l f u r  d u r i n g  t h e  h e a t i n g  
p rocess .  

The v a r i o u s  s u l f u r  c o n t e n t s  of  t h e  c o a l  samples were n o t  g r e a t l y  a f f e c t e d  
when the  coa l  was he ld  a t  c o n s t a n t  tempera ture .  A t  lower t empera tu res ,  t h e  s u l f u r  
c o n t e n t s  tended t o  d e c r e a s e  s l i g h t l y ,  wh i l e  they tended t o  i n c r e a s e  when h e l d  a t  
h ighe r  tempera tures .  

Fig.  1 shows t h e  e f f e c t  o f  tempera ture  on t h e  t o t a l  and  o r g a n i c  s u l f u r  con- 
t e n t  of t h e  r a w  and deashed c o a l  when t r e a t e d  wi th  hydrogen. Again, excep t  f o r  
t h e  o r g a n i c  s u l f u r  c o n t e n t  o f  t h e  raw c o a l  which inc reased  s l i g h t l y ,  t h e  v a r i o u s  
s u l f u r  c o n t e n t s  a l l  dec reased  wi th  i n c r e a s i n g  tempera ture .  When t h e  c o a l  was 
he ld  a t  t empera ture  f o r  ex tended  p e r i o d s ,  t h e r e  was l i t t l e  change i n  t h e  s u l f u r  
con ten t  a t  tempera tures  below 600'C. However, a t  h i g h e r  t empera tu res  the  s u l f u r  
c o n t e n t  decreased  s i g n i f i c a n t l y  when t h e  sample was h e l d  a t  t empera ture  in hydrogen. 

The e f f e c t i v e n e s s  o f  hydrogen f o r  p r e f e r e n t i a l  removal of t h e  o rgan ic  s u l f u r  
can be determined by comparing t h e  d i f f e r e n c e s  i n  t h e  amount o f  o r g a n i c  s u l f u r  
removed dur ing  t r ea tmen t  w i t h  n i t r o g e n  and hydrogen. Any d e s u l f u r i z a t i o n  i n  n i t r o -  
gen i s  due t o  t h e  e v o l u t i o n  o f  v o l a t i l e  compounds c o n t a i n i n g  s u l f u r .  The re fo re ,  
no matter what t he  t empera tu re  o r  t r ea tmen t  t i m e ,  a unique r e l a t i o n s h i p  should  
e x i s t  between t h e  o r g a n i c  s u l f u r  removed and t h e  weight l o s s .  The d a t a  c o l l e c t e d  
wi th  deashed Jude  c o a l  d i d  indeed  e x h i b i t  such  a r e l a t i o n s h i p  (F ig .  2 ) .  

I n  hydrogen, s u l f u r  is removed e i t h e r  by d e v o l a t i l i z a t i o n ,  a s  i n  n i t r o g e n ,  o r  
by r e a c t i o n  of t h e  hydrogen w i t h  s u l f u r  i n  t h e  o rgan ic  m a t r i x  t o  form hydrogen 
s u l f i d e .  
comparing t h e  o rgan ic  s u l f u r  removed v e r s u s  weight l o s s  cu rves  i n  hydrogen and 
n i t r o g e n  (Fig.  2 ) .  Up t o  a we igh t  l o s s  of about  40% (po in t  A ,  Fig .  2), t h e  o rgan ic  
s u l f u r  l o s s  cu rves  i n  t h e  t w o  gases  w e r e  n e a r l y  the  same. However, a t  h ighe r  
weight  l o s s e s ,  t h e  o r g a n i c  s u l f u r  removed i n  hydrogen inc reased  r a p i d l y  wi th  only  
a s l i g h t  i n c r e a s e  i n  weight  loss i n d i c a t i n g  t h a t  t h e  su l fur -hydrogen  r e a c t i o n  was 
t a k i n g  p l a c e .  All t h e  expe r imen ta l  p o i n t s  a t  weight l o s s e s  g r e a t e r  than  t h a t  
shown by po in t  A were taken  a t  600 and 700'12. Reac t ion  of hydrogen wi th  t h e  s u l -  
f u r  i n  c o a l  appea r s  t h e r e f o r e  t o  be s i g n i f i c a n t  on ly  a t  t empera tu res  above 60OOC. 
A t  lower tempera tures ,  d e s u l f u r i z a t i o n  i n  bo th  hydrogen and n i t r o g e n  occur  on ly  
due to  removal of  v o l a t i l e ,  s u l f u r - c o n t a i n i n g  compounds. The o n s e t  of t he  hydrogen- 
s u l f u r  r e a c t i o n  accoun t s  f o r  t h e  r e d u c t i o n  of s u l f u r  c o n t e n t  w i th  inc reased  hold- 
i n g  t ime a t  tempera tures  above 600'C. 

The e f f e c t i v e n e s s  o f  hydrogenat ion  f o r  d e s u l f u r i z a t i o n  can  b e  judged by 

The f i n a l  g a s  t e s t e d  was a mix tu re  of n i t r o g e n  wi th  6% oxygen. The e f f e c t  on 
t h e  s u l f u r  con ten t  of t r e a t m e n t  i n  t h e  range from 350 t o  455°C was s l i g h t ,  w i th  
a s m a l l  dec rease  i n  t h e  amount of 
h e l d  a t  a tempera ture  i n  t h i s  range .  However, t he  amount of s u l f u r  i n  the  c o a l  
decreased  f a i r l y  s u b s t a n t i a l l y  as t h e  c o a l  w a s  hea ted  from room tempera ture  t o  

a l l  forms of  s u l f u r  o c c u r r i n g  i f  t h e  c o a l  w a s  

166 

'H 
e 
1; 

E 
.I 
I; 



350°C i n  an  o x i d i z i n g  a,tmosphere wi th  t h e  s u l f u r  c o n t e n t s  of t h e  two c o a l s  a t  
350°C be ing  as fo l lows :  

S u l f u r  Content ,  w t . %  
T o t a l  Organic 

Raw c o a l  4.77 2.58 
Deashed c o a l  3.87 3.39 

Transformation of S u l f u r  

i no rgan ic  s u l f u r  was t rapped  by t h e  o r g a n i c  p o r t i o n  of t h e  c o a l  du r ing  t h e  h e a t i n g  
p rocess .  This s a m e  phenomenon has  been observed  by Snow (1) and Cernic-Simic (2 ) .  
In an a t tempt  t o  estimate t h e  f r a c t i o n  of i n o r g a n i c  s u l f u r  r e l e a s e d  a s  gas  (GI) or  
transformed i n t o  o rgan ic  s u l f u r  ( f )  and t h e  f r a c t i o n  of o r i g i n a l  o rgan ic  s u l f u r  
r e l eased  as gas  (G2). t h e  fo l lowing  r e a c t i o n  scheme was p o s t u l a t e d .  

A s  prev ious ly  no ted ,  t h e  r e s u l t s  of t h e  exper iments  i n d i c a t e d  t h a t  some of the 

Ino rgan ic  S u l f u r  Ino rgan ic  S u l f u r  Gas 
i n  Coal A i n  t h e  So l id  Residue -+ Released(G1) 

F i x a t i o n  Reac t ion  wi th  
Carbonaeous Material ( f )  

Organic  S u l f u r  i n  + Gas 
Organic S u l f u r  \ 

i n  Coal t h e  So l id  Residue Released(G2)  

By assuming t h a t  t h i s  scheme a p p l i e d  t o  both  t h e  r a w  and deashed c o a l ,  G I ,  G2 
and f were e s t ima ted  from s u l f u r  m a t e r i a l  ba l ances .  Details of  t h e  c a l c u l a t i o n s  
are a v a i l a b l e  e l sewhere  ( 3 ) .  

The f i x a t i o n  r e a c t i o n , c h a r a c t e r i z e d  by f ,  s t a r t e d  a t  30OoC i n  n i t r o g e n  and 
inc reased  r a p i d l y  between 400 and 50OoC wi th  f r each ing  0 .7  a t  700°C. 
g e n e r a l l y  s m a l l  a t  a l l  t empera tu res ,  be ing  between 0 and 0.1. G2 inc reased  
r a p i d l y  between 300 and 500°C, and then  s t a r t e d  t o  l e v e l  o f f  between 600 and 
7OOOC. About 70% of t h e  o r i g i n a l  o rgan ic  s u l f u r  was r e l e a s e d  as  gaseous  com- 
pounds a t  700'C. 
t h e  sample w a s  kep t  a t  c o n s t a n t  tempera ture  was small. 

GI was 

I n  n i t r o g e n ,  t h e  e f f e c t  on G I ,  G 2  and f o f  h o l d i n g  t ime when 

The f r a c t i o n  of  i no rgan ic  s u l f u r  t ransformed i n t o  o rgan ic  s u l f u r  ( f )  was 
l a r g e r  i n  hydrogen than  i n  n i t r o g e n  a t  low tempera tures  ( F i g .  3 ) .  However, f 
remained c o n s t a n t  a t  tempera tures  above 400°C. 
inc reased  wi th  i n c r e a s i n g  tempera ture  a s  it had i n  n i t r o g e n .  f and G2 i nc reased  
s lowly  when t h e  smaples were he ld  a t  4OO0C, wh i l e  GI remained r e l a t i v e l y  cons t an t .  
A t  7OO0C,  GI and G 2  bo th  inc reased  s l i g h t l y  wi th  ho ld ing  t ime,  b u t  f decreased  
from 0.5 t o  about  0 .2  when t h e  ho ld ing  t i m e  was v a r i e d  from 0 to 60 min. Apparent- 
l y  t h e  H2S formed from t h e  o rgan ic  s u l f u r  r e a c t e d  wi th  the  i r o n  t o  produce FeS. 

GI w a s  a g a i n  small, whi le  G2 

The f r a c t i o n  of i no rgan ic  s u l f u r  t ransformed i n t o  o rgan ic  s u l f u r  ( f )  i n  t h e  
o x i d i z i n g  atmosphere w a s  comparable t o  t h a t  i n  n i t r o g e n  a t  t h e  same tempera ture .  
It inc reased  r a p i d l y  from about  0 . 1  a t  35OoC t o  0.36 a t  45OoC. The f r a c t i o n  of 
i no rgan ic  s u l f u r  r e l e a s e d  i n t o  t h e  gas  phase (GI) was much l a r g e r  than  i n  n i t rogen  
o r  hydrogen s i n c e  t h e  r e a c t i o n  of p y r i t e  w i th  oxygen is thermodynamically more 
f avorab le  than t h e  r e a c t i o n  of p y r i t e  w i th  hydrogen. GI was a lmos t  unchanged wi th  
temperature between 350 and 455OC and was equa l  t o  about  0 .3 .  G2 a l s o  was l a r g e r  
i n  t h e  oxygen-nitrogen mixture  and inc reased  r a p i d l y  wi th  t empera tu re .  About 55% 
of  t h e  o rgan ic  s u l f u r  was r e l e a s e d  a t  455OC. G 1  and G2 bo th  i n c r e a s e d  wi th  hold- 
i ng  t ime a t  400'C i n  the  o x i d i z i n g  atmosphere,  wh i l e  f dec reased  as t h e  ho ld ing  
t i m e  was inc reased .  
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CONCLUSIONS 

Temperature i s  t h e  most i m p o r t a n t  f a c t o r  i n f l u e n c i n g  d e s u l f u r i z a t i o n  i n  t h e  
The h o l d i n g  t i m e  a t  t e m p e r a t u r e  i s  less impor tan t  except  i n  t h r e e  gases  t e s t e d .  

t h e  c a s e  of hydrogen above 600'C where t h e  s u l f u r  c o n t e n t  of t h e  sample d e c r e a s e s  
w i t h  i n c r e a s e d  h o l d i n g  t i m e .  The e x p e r i m e n t a l  ev idence  i n d i c a t e d  t h a t  t h i s  was 
due t o  t h e  d i r e c t  r e a c t i o n  of hydrogen w i t h  s u l f u r  i n  t h e  o r g a n i c  p o r t i o n  of t h e  
c o a l  which t a k e s  p l a c e  o n l y  a t  tempera tures  of  6OO0C o r  above. I t  was observed 
i n  t h e  exper iments  t h a t  some i n o r g a n i c  s u l f u r  was t ransformed i n t o  o r g a n i c  s u l f u r  
d u r i n g  t h e  gaseous t r e a t m e n t .  The f r a c t i o n s  of i n o r g a n i c  and o r g a n i c  s u l f u r  
r e l e a s e d  a s  g a s e s  and t h e  f r a c t i o n  of i n o r g a n i c  s u l f u r  t ransformed i n t o  o r g a n i c  
s u l f u r  were e s t i m a t e d  f o r  e a c h  of t h e  gas  atmospheres and c o n d i t i o n s  of tempera- 
t u r e  and t i m e  used. 
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Fig.  I .  ~ f f e c t  of temperature  on  F i g .  2 .  Organic s u l f u r  removal 
t h e  s u l f u r  con ten t  of  r a w -  a s  a f u n c t i o n  of sample 
and deashed coa l  heated weight l o s s  f o r  deashed 

1 i n  hydrogen. c o a l .  

169 



O O  0 

0 

.2 

f *I 0 

0 

0 

0 

0 

0 

G2 

.2 *4[ 0 

0 
0 

0 

0 

0: 
200 400 600 801 

TEMPERATURE, OC 

F i g .  3 .  E f f e c t  of  temperature on the transform; 
' a t i o n  of  s u l f u r  i n  a hydrogen atmosphere. 
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